Cell proliferation data, generally based on a labeling index (LI), provide a valuable endpoint for assessment of toxic and potentially carcinogenic responses in laboratory animals. Measurement of the LI is time consuming because of the large number of cells that need to be counted to determine the denominator. In respiratory mucosa, the total cell count of the surface epithelia may be altered in response to treatment, either through cell loss or increases in cell number (e.g., hyperplasia). As an alternative to the more conventional LI, the present studies were carried out to assess the value of expressing cell proliferation in nasal epithelia as a unit length labeling index (ULLI), defined as labeled cells per mm of basement membrane. Rats were exposed by inhalation to formaldehyde or methyl bromide, and changes in cell proliferation were determined in the respiratory and olfactory epithelia, respectively, using both total cell count and basement membrane length as denominators. Total cell counts were clearly influenced by treatment, while basement membrane length was not. Both methods revealed similar treatment-induced effects on cell proliferation, and in fact were highly correlated (R 2: 0.92, p < 0.001). It was concluded that the ULLI method provides an effectivealternative to total cell counts and the LI method. This approach is not influenced by alterations in the total cell population, and has the benefit of being less labor intensive than LI determinations.
INTRODUCTION
Cell kinetic studies, combined with histopathology, provide valuable information on the biology of both neoplastic and non-neoplastic tissue responses to toxic chemicals. Cell proliferation data have been suggested as a possible way to assess the extent of toxicant-induced cell injury (24) . Increases in cell proliferation are generallybelieved to be an essential component of many phases ofchemical carcinogenesis (10) . A number of approaches are available for assessment of cell kinetics in tissue (2, 13, 14, 27) . These methods include a) mitotic index, the percent of cells in mitosis at a given time; b) labeled mitosis index, the percent of labeled mitotic figures over a period of time following exposure to a DNA-precursor label (2) ; and c) labeling index (LI), the percent of labeled cells over a period of time which have incorporated a specific DNA-precursor label (3) . Analogues of DNA-precursors, such as tritiated thymidine (6) and bromodeoxyuridine (7) , combined with autoradiography or immunohistochemistry, respectively, can be used for determining the LI in addition to other cell kinetic parameters (i.e., length of S-phase and cell cycle).
For the study of cell proliferation in tissues with relatively long generation times, such as respiratory (28) and olfactory (20) epithelia, LIs may provide a more sensitive indicator of cell turnover than mitotic indices because of the very small number of mitotic figures observed in these tissues. Advantages of determining a LI over a mitotic index include an increased numerical value of the index, a greater ease of recognition of the labeled cell, and a more definitive identification of the labeled cell type (13) .
In chemical toxicity and carcinogenesis studies, LIs obtained from solid organs such as liver (15) and kidney (8, 23 ) are calculated as a percentage of labeled cells divided by the total (or a representative subtotal) cell population under study. In these studies, cells are usually counted in random fields, with total counts of one to three-thousand. LIs for the epithelium lining the nasal passages are more difficultto obtain because ofthe frequently site-specific nature of nasal lesions, which necessitates counting a largenumber ofnasal epithelial cells. For example, in a 5 Jlm-thick tissue section from just one level of the nasal cavity, the number ofrespiratory epithelial cells exceeds 6,000, while olfactory cells can be greater than 30,000 (Monticello, unpublished observations). Careful selection of site-specific areas can, however, be used to reduce the number of cells to be counted. Changes in the total nasal epithelial cell population, as a result of cell loss through cytotoxicity or cell increases associated with hyperplasia, may alter the total cell count. If such changes occur in a non-dividing component of the epithelium (e.g.,ciliated respiratory cells, mature olfactory sensory neurons) in the absence of a proliferative response in dividing cells (e.g., basal cells), an apparent increase in cell proliferation may occur simply as a result of changes in the denominator for the LI calculation. The present studies were therefore carried out to assess a unit length labeling index (ULLI), which is expressed as the number oflabeled cells per mm basement membrane, as an alternative method to the LI for determining cell proliferation in nasal epithelia. This procedure was applied to toxic responses observed in the respiratory and olfactory epithelia following inhalation exposure of rats to formaldehyde or methyl bromide, respectively. The results obtained using basement membrane length as the denominator were not influenced by changes in the total cell population through cell loss or hyperplasia. The ULLI had a high degree of correlation with LIs, and was much less labor intensive.
MATERIALS AND METHODS

Cell Proliferation Studies of Respiratory Epithelium
Animals and husbandry. Twenty-four 6-7-weekold male F-344 rats were obtained from Charles River Breeding Laboratories and were quarantined for 2 weeks upon arrival. The housing of animals and procedures performed were in conformance with the NIH guidelines (NIH Publication No. 1985) . All animals were free of virus titers by standard rat virus antibody determinations (Microbiological Associates, Bethesda, MD), and were housed lIcage in hanging stainless-steel mesh cages with a 12-hr light/dark cycle. Except during exposure periods, animals had free accessto pelleted chow (NIH-07 diet) and filter-purified tap water.
Exposures. Animals were randomly divided into 4 groups of 6 animals/group and whole-body exposed to either 0, 2, 6, or 15 ppm formaldehyde gas for 12 weeks, 6 hr/day, 5 days/week (no weekend exposures) in 8-m 3 stainless-steel and glass inhalation chambers. Exposure procedures and analytical methods have been described previously (5) . Formaldehyde gas was generated by thermal depolymerization from paraformaldehyde (Aldrich Chemical) and chamber concentrations were monitored continually by infrared spectrophotometry.
DNA Labeling and Histoautoradiography. Animals were labeled continuously during the last 5 days of exposure by administration of [methyl-3H]thymidine ([3H]TdR) with Alzet osmotic pumps (model 2MLl, Alza Corporation, Palo Alto, CA). One week prior to sacrifice, on the morning of the second nonexposure day (Sunday), rats were anesthetized with ketamine/xylazine and pumps containing 2 mCi of [3H]TdR(40-50 Ci/mmole, Amersham Corporation, Arlington Heights, IL) were surgically implanted subcutaneously over the dorsal thoraco-lumbar area. The osmotic pumps remained in the animals until sacrifice 5 days later. On the morning (8:00-11 :00 AM) of the day ofthe sacrifice, animals were deeply anesthetized with ip sodium pentobarbital and exsanguinated. The nasal cavities were retrogradely flushed through the nasopharynx with 10% neutral buffered formalin, and the heads with soft tissues removed, were immersed in a similar fixative for 5 days. After fixation the heads were rinsed overnight in running tap water and decalcified in 5% formic acid with ion-exchange resin. Blocks of the anterior nasal cavity (Levell, Fig. 1 ) (29) were embedded in paraffin and 5 um-thick sections were cut. Deparaffinized sections of the anterior nasal passages were mounted on glass slides and dipped in Kodak NTB2 emulsion, exposed at -15°C for 10 weeks in light-tight boxes, developed in Kodak D-19 developer, fixed, washed in water, and then stained with hematoxylin and eosin (H&E).
Determination of Cell Proliferation
These studies were confined to the respiratory epithelium lining the nasal passages. The respiratory epithelium of the nose of the rat has site specific differences in morphology (18) . LIs and ULLIs, therefore, were obtained for two selected locations ( Fig. 1 ):Site 1, epithelium of the nasal septum, classified as ciliated pseudostratified columnar with variable numbers of goblet cells (18); Site 2, epithelium lining the walls of the lateral meatus, classified as non-ciliated pseudostratified cuboidal-columnar (18) . For each of the methods described below, all determinations were made using only one side of the nasal cavity.
Labeling Index (LI). The number oflabeled epithelial cell nuclei (i.e., numerator) and the total number of epithelial cells (labeled and unlabeled) (i.e., denominator) were counted for each site using light microscopy. No attempt was made to categorize cell types (basal cell, secretory cell, etc.) for these TOXICOLOGIC PATHOLOGY counting procedures. Epithelial cells were considered labeled (i.e., undergoing DNA synthesis) ifthey had 10 or more silver grains over the nucleus. Since background grain counts were low (ranging from 0 to 4 grains/nucleus), and the majority oflabeled cells had many (> 20) nuclear silver grains, identification of labeled cells was straightforward. The LI determined for each area was calculated by dividing the number of labeled cells by the total number of labeled and unlabeled cells, with the result expressed as a percentage.
Unit Length Labeling Index (ULLI). For this approach the basement membrane length ofeach sampling site was substituted for total cell count as the denominator in the LI equation. ULLIS were determined for the same sites on the same tissue sections used for the conventional method (see above). The basement membrane length for each site was determined by tracing the magnified projected image onto a digitalizing tablet using a Zeiss Videoplan image analyzer. ULLIs were expressed as number of labeled cells per mm of basement membrane.
Cell Proliferation Studies of Olfactory Epithelium
Animals and Exposure. The material used for this work was derived from a previous study re-ported by Hurtt et al (12) . Histoautoradiography was used to assess olfactory epithelial cell kinetics during and following acute inhalation exposure of male F-344 rats to methyl bromide (MeBr). Briefly, male F-344 rats were exposed to 200 ppm MeBr 6 hr/day for 5 days. Five animals from the treatment group were killed at the end of exposure days 1, 3, and 5, and postexposure weeks 1, 2, 3, 5, and 10.
Control animals (n = 5) were killed at the end of sham exposure day five.
DNA Labeling and Histoautoradiography. Each animal received an ip pulse dose ofPH]TdR (2mCi/ kg; New England Nuclear, North Billerica, MA) 2 hr prior to sacrifice. Nasal cavities were fixed and decalcified as described above. Blocks were cut at the level of the ethmoid turbinates (Level 3, Fig. l ) (29) , embedded in paraffin and 5~m-thick sections were cut for autoradiography. Deparaffinized sections mounted on glass slides were dipped in Kodak NTB-2 liquid emulsion and exposed for 12 weeks in light-tight boxes at -15°C. The slides were developed and stained as described above.
Determination of Cell Proliferation
Exposure of rats to 200 ppm MeBr results in extensive destruction of the olfactory epithelium with loss of the majority of sustentacular and sensory cells, while leaving many basal cells intact. A rapid burst of basal cell proliferation occurs over the next few days, and the epithelium gradually regenerates during the next 4-8 weeks during which time olfactory epithelial cell proliferation declines toward control values (12) . The sampling site selected for the present olfactory epithelial studies was the 2' ectoturbinate ( Fig. 1 ) because of its defined anatomical features, large cell population in controls (approximately 6,000 cells/2' ectoturbinate), and its consistent response to MeBr. Quantitation of cell proliferation in the olfactory epithelium was determined using the LI and ULLI methods described above.
Statistics. Correlation coefficients, means and standard errors, and unpaired 2-sided t-tests were determined using the RS/l (Research System) data management system (BBN Research Systems, Cambridge, MA) on a VAX 11/785 computer. The level for statistical significance was p :s 0.05.
RESULTS
The animals used in these studies remained in good health and no evidence of infectious disease processes was detected in the nasal passages. Light microscopy revealed clear treatment-related effects. Formaldehyde-induced responses, which resembled those reported by other workers (4, 19) , included acute inflammation, epithelial hyperplasia and squamous metaplasia. These responses were fairly severe and extensive in animals exposed to 15 ppm, minimal to mild at 6 ppm, and absent at 2 and 0 ppm. Methyl bromide-induced lesions, which have been described in detail previously (12) , were characterized by extensive degeneration and subsequent regeneration of the olfactory epithelium. The degeneration involved more than 90% of the olfactory epithelium, and resulted in loss of all cell types except basal cells. The regenerative process was essentially complete 10 weeks after the exposure, the latest time point used for the present study. Histoautoradiography clearly demonstrated cells which had been undergoing S-phase prior to necropsy, in both control and treated animals. The majority of labeled cells in both respiratory and olfactory epithelia were basal cells or cells which were located adjacent to the basement membrane. Mean values for the total number of cells (denominator for LI), number oflabeled cells, and basement membrane lengths (denominator for ULLI) , for sample sites in each of the experiments are presented in Tables I and II .
Effects of Treatment on the Denominator
There were clear effects of both formaldehyde and methyl bromide exposure on total cell counts, the denominator for LI determinations. There was a statistically significant increase in total cell count in the respiratory epithelium of the nasal septum in rats exposed to 15 ppm formaldehyde for 3 months (Table I) , while at 2 and 6 ppm no such changes were observed. A mild increase in total cell count of the pseudo stratified cuboidal-columnar epithelium of the lateral meatus was observed in the 6 ppm formaldehyde concentration group (Table 1) . Methyl bromide-induced olfactory epithelial toxicity was associated with a marked decrease in the total cell count which did not return to near control values until 5 weeks post-exposure (Table II) . No treatment-related changes in basement membrane length, the denominator for ULLI, were observed in either study. In one group ofanimals in the MeBr experiment, basement membrane length of the 2'ectoturbinate was significantly different from controls (Table II) , which was attributed to differences in the tissue trimming technique between groups, and highlights the importance of consistent trimming procedures for these studies.
Total cell counts and total cell counts adjusted for length of the basement membrane (i.e., total cells/ mm basement membrane) for both the formaldehyde and MeBr studies are shown in Tables I and II, respectively. When total cell counts were adjusted for length of basement membrane, significant cell increases in the formaldehyde study were present only in the nasal septum of the 15 ppm dose group. In the MeBr study, significant decreases in olfactory cells/mm basement membrane were observed at exposure days 1, 3, 5, and postexposure weeks 1, 2, and 3.
Cell Proliferation
Both the LI and ULLI methods for determination of cell proliferation, demonstrated treatment-induced effects. The ULLI and LI results were plotted on appropriately scaled axes (Figs. 2-4) so control values of the ULLI and LI were equivalent. In the formaldehyde study, similar results in cell proliferation were seen by both methods (Figs. 2 and 3) , which were probably attributed to minimal changes in the total cell population in the lateral meatus and nasal septum. Exposure of rats to 15 ppm formaldehyde resulted in a marked increase in the ULLI and LI of the nasal septum and the lateral meatus ( Figs. 2 and 3, respectively) , however, lower concentrations offormaldehyde (2 and 6 ppm) induced little or no evidence of a proliferative response and were similar to controls.
Cell proliferation data expressed as LIs and UL-LIs, from the olfactory epithelium during and following MeBr exposure, are shown in Fig. 4 . Clear differencesare seen between the ULLI and LI methods, especially at exposure days 1, 3, and 5, and recovery week 1.These differences are due to marked decreases in the total olfactory cell populations at these time points (Table II) . Differences between the 2 methods are less apparent at the later recovery time points because of olfactory epithelial cell regeneration which approaches total cell values of controls by recovery week 5. The peak proliferative response by both the ULLI and LI method was seen at day 3, with these values returning to near control levels at 10 weeks post exposure.
Linear correlation coefficient values comparing LIs with ULLIs are shown in Table III . The ULLIs for the respiratory epithelia followed a similar pattern as the LIs and were in fact highly correlated (R 2: 0.97). The high correlation between these methods for the respiratory epithelium, is probably due to the little variation observed in the total cell counts. For the olfactory epithelium, a slightly lower r value was seen for the two methods due to dramatic decreases in the total olfactory cell population. Decreases in the total cell population resulted in higher fold-increases over controls using the LI method as compared to the ULLI method. Both methods, however, reflected similar changes in cell proliferation over concentration (i.e., formaldehyde study) and dehyde (mild hyperplasia) and methyl bromide (marked cell loss through cytotoxicity). Ifthe number of cells in S-phase were to remain constant in these situations, the LI would be altered by these changes in the total cell population. For instance, in olfactoryepithelium where the majority ofS-phase nuclei are confined to the basal cell population, a loss of mature sensory cells would result in an increased LI. Thus the LI method might be expected to indicate a greater response than the ULLI method, which uses basement membrane length as the denominator and is unaffected by treatment. This situation occurred in the present study for the MeBr exposure and recovery data. Following 3 days of exposure there was an increase in the number of labeled cells and a marked decrease in the total cell population. The LI was increased more than 20-fold over controls, while ULLI only increased approximately 8-fold over controls. In this particular situation, the LI over dramatized the effects MeBr had on cell proliferation, since the total cell population at this time point was decreased by one-half. Over the length of the MeBr study, these differences between the 2 methods became less apparent, and by time (i.e., MeBr study), following chemical exposure. DISCUSSION The functional integrity (i.e., steady state) of an organ is dependent upon maintenance of its cell populations, which requires a constant addition of new cells to replace those cells that are lost or nonfunctional (27). Since cell loss is difficult to measure (11), knowledge of cell turnover is largely based on measurements of cell proliferation using endpoints such as LI (9) . However, many technical variables (16) need to be considered when utilizing LI data in toxicology studies. These variables include length ofadministration of the DNA-precursor label, time of administration of the DNA-precursor label in relation to the toxicant treatment protocol, presence of nuclear labeling as a result of unscheduled DNA synthesis (16) , and the selection of an appropriate number ofsilver grains (histoautoradiography using a radiolabel) or staining intensity (immunocytochemistry using an antigenic label) when defining a cell nucleus as being 'labeled.' Furthermore, interpretation of tissues from these studies may be confused by histological factors, including technical artifacts (e.g., tissue section folds or tears) and the presence of inflammatory cells, which themselves may be labeled and mistakenly counted with the epithelial cell population.
Changes in the total epithelial cell population represent another important variable that may influence determinations of cell proliferation based on LIs. In the present study, clear changes in total cell populations occurred in response to both formal-Epithelium
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LMa SEPb 5 weeks post-exposure (which is the same time point that the total cell count was similar to controls), similar cell proliferation data was obtained by both the LI and ULLI. These findings demonstrate clear and potentially important differences between the ULLI and LI methods. The 2 methods showed a good correlation, however, which is important since determination of ULLIs is less time consuming than LIs (approximately by 50%), to yield similar information. The MeBr studies (i.e., olfactory epithelium) had the lowest correlation coefficient which is attributed to greater changes in the total cell count that caused disproportionate elevations in the LI as compared to the ULLI. These studies demonstrate that when selecting a method to determine cell proliferation, investigators should be aware that LI and ULLI yield different data sets. Furthermore, when selecting an approach to S-phase quantitation, it is important to consider potential effects of cellular hypertrophy or change in the basement membrane surface (e.g., edema), on the ULLI determinations. A combination ofLI and ULLI may be considered, using the ULLI method for rapid assessment followed by the LI method for selected areas.
Altered cell proliferation is a sensitive indicator ofnasal epithelial toxicity (25). Increases in cell proliferation provide an important response which is necessary for repair of toxicant-induced injury. In addition, elevations in cell proliferation also act to increase the surface epithelial thickness and thereby protect the nasal mucosa from subsequent exposures. The extent ofcell proliferation can vary greatly between high and low exposure concentrations (26), and since cell proliferation is an important feature of carcinogenesis, it has been suggested that these concentration-response changes should be factored into carcinogenic risk assessments (26). Cell proliferation studies have also been suggested as an important endpoint in determining maximal tolerated doses (MTD) for long-term carcinogenicity studies. The increasing importance of cell proliferation data in toxicology studies, therefore, necessitates an efficient, fairly rapid and appropriate method for obtaining this information.
Results of the present study indicate that ULLI provides a convenient and satisfactory approach to the determination of cell proliferation in nasal toxicology studies. Other cell proliferation studies including work on mouse skin (1), and hamster tongue (21) have expressed cell proliferation data as labeled cells per length of basement membrane. The ULLI method was also used previously in cell proliferation studies of upper respiratory tract tissue (17, 22) . No attempt was made, however, to assess the relative merits of total cell population versus basement membrane length as the denominator for these studies. Results of the present work indicate that the ULLI and LI methods using different toxicant exposure concentrations (0 to 15 ppm formaldehyde), exposure/regeneration time periods (l day to 10 weeks with MeBr), and DNA-precursor labeling systems (pulse and minipump), were highly correlative. Use of basement membrane length as the denominator in the ULLI method was not influenced by changes in the total cell population and also had the important advantage of eliminating the need for labor intensive total cell counts, thereby decreasing both time and cost of the procedure.
